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Introduction 1
Ecological Footprints

2
The Ecological Footprint, as introduced by Wackernagel and Rees (1996) , measures 3 human demand on bioproductivity by assessing how much biologically productive land 4 and sea area is necessary to maintain the consumption of a given human population. The 5 calculation of Ecological Footprints starts from the consumption of resources in terms of 6 mass units and transforms this mass into land appropriation in a second step (Monfreda et 7 al., 2004) . A considerable share of the Footprint consists of the notional forest area that 8 would be required to absorb carbon dioxide emitted from the combustion of fossil fuels. 9
The total land appropriation derived in this way can then be compared to available 10 biocapacity, also expressed in land and sea areas. If global demand exceeds global supply 11 of biologically productive area, this indicates an 'overshoot' situation in terms of a 12
shortfall of bioproductivity needed for human purposes. 13 National Footprint Accounts (NFA) are generated annually by the Global Footprint 14
Network for most countries of the world (GFN, 2005; WWF, 2006). They account for the 15 consumption of land by the countries' residents wherever this land might be located. The 16 Footprint associated with products imported from foreign countries, for example, is fully 17 added to the consumers' Footprint account. Therefore, the concept of Ecological 18 Footprint analysis strictly follows the principle of consumer responsibility 1 , a term 19 introduced in the context of discussions on greenhouse gas accounting (Munksgaard and 20 Pederson, 2001) . 21 This principle is in contrast to the producer responsibility principle 2 , which is the basis of 22 the Kyoto Protocol. Here, only territorial greenhouse gas emissions of a nation are 23 accounted for; the emission embodiments of trade are not taken into account ( Task Force  24 on National Greenhouse Gas Inventories, 1996). Accordingly, many national greenhouse 25 gas policies are aimed at reducing domestic greenhouse gas emissions and, in the Kyoto 26 Protocol, national reduction goals based on a previous level of domestic emissions are 27 used as a benchmark for success and compliance. But the consumption of imported goods 28 and services, in some countries amplified by the relocation of domestic production abroad 29 1 Also called 'consumption (accounting) principle'. 2 Also called 'production (accounting) principle '. and subsequent import substitution, gives rise to environmental impacts in other places 1 around the world and this calls for the consideration of greenhouse gas embodiments in 2 international trade flows and their correct accounting. 3
As a consequence, an extensive discussion on the allocation of greenhouse gas emissions 4 is conducted in the literature (e.g. Wyckoff Recent improvements of the NFA feature the exhaustive use of global trade data from UN 22 Comtrade (2005) in SITC classification on a 4-digit level and improved embodied energy 23 data for over 600 commodities (Wackernagel et al., 2005) . While the method is practical 24 for computing the apparent resource consumption of 150 countries in the world, there are 25 still fundamental shortcomings in the methodology 5 : 26  For domestically produced bio-products national conversion efficiency factors are 27 used to calculate the Footprint, whereas average global conversion efficiency factors 28 are used for imports. The Footprint of exported products from biological resources is 29 weighted in proportion to the amount of products imported and produced domestically 1 and their respective conversion factors. 2  Manufactured products have the same embodied energy regardless of the country of 3 manufacture, i.e. the same energy intensities for imports and exports are used and they 4 are the same for each country. For the conversion into energy Footprints via embodied 5 CO 2 emissions, world average carbon dioxide intensity is used for all imports, whereas 6 for exports of manufactured products the average carbon dioxide intensity of the 7 exporting economy is used, reflecting the national fuel mix for energy production. indirect and, where appropriate, induced, resource use embodied within consumption 27 (Leontief, 1970, Miller and Blair, 1985 In this paper (Part 1 of 2) we review documented applications of input-output methods to 1 estimate Ecological Footprints and provide an account of the analytical method by which 2 Ecological Footprints should ideally be estimated in an international input-output 3 framework. We argue that multi-region input-output (MRIO) analysis is the appropriate 4 method to allocate resource and/or pollution embodiments of consumption correctly and 5 that it could ultimately be used to calculate national accounts of Ecological Footprints, 6
following the consumer responsibility principle. 7 
2.
The basic environmental input-output method Then the standard input-output attribution (Leontief, 1970; Miller and Blair, 1985) can be 1 employed so that equation [1] is extended to 2 [3]   7 For simplicity we abstract from this extension in the current exposition 11 but, as shown in [3] and [3a], it is straightforward to introduce this element where 12 appropriate. 13 Note that, in the closed or world economy example, it is the case that f x = f y , so that all 14 resource use in production can be attributed to final consumption demand for the outputs 15 of that production. 16 17 
3.
Applications of the basic environmental input-output use input-output techniques to calculate Ecological Footprints (Bicknell et al., 1998; 22 7 Examples for resource use occurring directly in households are the energy used during the combustion of household and car fuels or land occupied by a residential building. emission intensity for electricity production in China (generated mainly by coal power 6 plants) is 231 times higher than for Norway (generated mainly by hydro power). 
4.
Theory of a multi-region input-output method for the straightforward to extend to the multiple region case (see Allan et al, 2004) . In [1] we 10 identified the key equation determining the Nx1 vector of output x in the single region 11 input-output framework. We take this as region 1 in a 2-region world and separate the 12 element y (final demand) into local final demand in region 1 of commodities produced in 13 region 1 (y 11 ) and export demand in region 2 for region 1 commodities (y 12 ). Similarly for 14 region 2, final demand for region 2 commodities is split into export demand in region 1 15 (y 21 ) and local demand in region 2 (y 22 ). We have 16 Of course, the activity we are interested in here is resource use. Just as we extended the 27 basis economic framework in equation [3] for the single region case, we simply introduce 28 a (K×N) matrix of coefficients  x , showing the direct resource-use intensity of output in 29 each production sector i for each region: 30    -1  y  y  x  11  12  11  12  1  11  12  y  y  x  21  22  21  22  2  21  22   x  x  x  x  1 11 11  1 12 21  1 11 12  1 12 22  x  x  x  x  2 21 11  2 22 21  2 21 8 As mentioned above, the direct resource use by final consumers is omitted here for simplicity.
5.
Practical issues for the application of the inter- Moreover, in so far as each exporting country, r, imports from other countries not already 23 included in the analysis, these too would need a full set of compatible input-output and 24 resource-use accounts plus detailed import information. 25
Unless the economy under consideration had extremely limited trade links, an inter-26 regional world input-output table that is consistently nationally and sectorally 27 disaggregated would be required. This system would have to be augmented with an 28 associated set of resource use accounts. Such a database is not available at present. 9 Thus, 1 there are three basic problems that have so far prevented the application of a full inter-2 regional framework of the type described above. The first is data availability, mainly in 3 terms of flows of traded commodities between sectors in different countries. The second 4 is reconciliation of data from different sources in different countries. The third is 5 computability, particularly in terms of balancing conflicting data. Full discussions of 6 these issues of the challenges involved in applying multi-region input-output frameworks 7 can be found in Lenzen et al (2004) (see also Peters and Hertwich, 2006b ). the implications in terms of actual data components required. In the absence of any one of 27 these for a given case, we can make and explain systematic and transparent decisions over 28 whether these should be estimated (for example see Allan et al, 2004 ). In the absence of 29 data for individual regions or countries decisions can be made explicitly over whether 1 proxy data should be drawn from other economies with similar economic structures, 2 technology etc, or whether using an appropriate large country to proxy for a trading block 3 is suitable. For example, as argued in Section 3, in the Bicknell et al (1998) study it 4 would have been better if it were assumed that imports were produced using technology 5 present in a large or closely linked trading nation like the US or Australia, rather than 6 assume all countries share the same technology as New Zealand. 7
However, in the last few years data availability has become better and more can be expected that more comprehensive and robust techniques for estimating Ecological 12 Footprints will be developed in the near future. Our recommendation is that such 13 developments should be made with a view to full application of the multi-region input-14 output approach detailed in this paper. 15 16 
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